The equine distal forelimb is a common location of injuries related to mechanical overload. In this study, a two-dimensional model of the musculoskeletal system of the region was developed and applied to kinematic and kinetic data from walking and trotting horses. The forces in major tendons and joint reaction forces were calculated. The components of the joint reaction forces caused by wrapping of tendons around sesamoid bones were found to be of similar magnitude to the reaction forces between the long bones at each joint. This finding highlighted the importance of taking into account muscle-tendon wrapping when evaluating joint loading in the equine distal forelimb.
INTRODUCTION
Mechanical loads experienced by the coffin (distal interphalangeal) and fetlock (metacarpophalangeal) joints of horses are thought to be related to injuries that occur in these joints. Mechanical stresses are thought to play a role in cartilage wear [1] and are likely to be the cause of many changes to subchondral bone that are associated with lameness [2] . Tendon wrapping is also thought to relate to the mechanics of injuries. For example, the influence of the deep digital flexor tendon (DDFT) on navicular disease [3, 4] and the relationship between interosseous ligament (IL) injury and metacarpal injury [5] are both presumed to be mediated by the forces generated when the two tendinous structures wrap around underlying bones. Consequently, knowledge of joint loads is likely to be relevant in understanding the mechanical pathogenesis of many kinds of injury in horses.
Little is currently known about the joint reaction forces of the equine distal forelimb. The wrapping of the DDFT about the distal sesamoid (navicular) bone has been investigated in very few studies [3, 4, [6] [7] [8] . Biewener et al. [9] calculated reaction forces at the coffin and fetlock joints, but those authors did not take into account forces produced by wrapping of the tendons around the sesamoid bones. Thomason [10] studied the architecture of the distal third metacarpal bone and estimated approximate values for the force between the proximal sesamoid bones and the distal metacarpus, but he did not perform any calculations based upon a dynamic model of the limb.
The aim of this study was to calculate and report the major joint reaction force components in the fetlock and coffin joints during walking and trotting in the horse. The forces exerted by wrapping of the tendons around both the proximal and distal sesamoid bones were taken into account when performing the joint reaction force calculations. The main hypothesis was that the forces exerted due to tendon wrapping would contribute substantially to the net reaction forces at the joints and hence could not be neglected.
MATERIALS AND METHODS

Kinetic and kinematic data
Three Quarter Horses (Equus caballus) with masses of 500 kg, 545 kg, and 500 kg were used for the study. Three retroreflective markers were attached to the skin over bony parts of each segment of the right forelimb, where the segments were defined as the hoof, pastern, metacarpus, antebrachium, and brachium. Rather than being separated into portions corresponding to the first and second phalanges, the pastern was treated as a single rigid body because the proximal interphalangeal joint was previously described as approximately rigid [11] . Additional markers were then placed over the centers of the joints. A Peak Performance Motus system was used to measure the locations of the markers during a static trial, in which the horse stood quietly and approximately square. The joint center markers were removed, and the horses were led in hand over a Bertec 4000 series force plate at the walk and trot. The ground reaction force was measured by the force plate, while kinematic data were simultaneously collected from the three markers of each limb segment. The horses were led so that one of the three orthogonal axes of the laboratory coordinate system corresponded to the direction of progression, and the other two axes were then presumed to be part of a parasagittal plane. A minimum of two trials and a maximum of four were collected for each horse at each gait, resulting in a total of 9 walking trials and 11 trotting trials. Marker position data were acquired at a frequency of 60 Hz, while ground reaction force data were acquired at 600 Hz.
Joint moment calculation
Kinematic and ground reaction force data from the walking and trotting trials were filtered using lowpass, forwardreverse Butterworth filters with mirror-symmetric boundary conditions. A cutoff frequency of 5 Hz was used for the kinematic data at the walk, while 12 Hz was used for the trot. The ground reaction force was filtered using a cutoff frequency of 12 Hz at both gaits. After filtering, the kinematic data were upsampled using cubic splines to a frequency of 600 Hz in order to match the sampling frequency of the ground reaction force. Noise was removed from the marker positions of the static trials by calculating the mean marker positions for each trial.
The joint center locations were calculated for the walking and trotting trials by referencing their locations during the static trial of each horse. The three markers of each limb segment that were common to both the static trial and the locomotion trials were used to calculate the joint center locations using three-dimensional rigid body transformations. For each sample of the locomotion trials, a transformation was calculated for each limb segment that moved the position of the joint center marker in the static trial to its expected position in the locomotion trial, under the assumption that the limb segment was a rigid body [12] . The center of each joint was calculated as the average of the positions predicted by the segment proximal to the joint and the segment distal to the joint. The two-dimensional, sagittal plane joint angles of the limb during each locomotion trial were then calculated after projecting the joint center locations to the sagittal plane.
The sagittal plane joint moments [13] were calculated for the stance phase of each locomotion trial, defined as the portion of the trial during which the vertical ground reaction force was greater than 50 N. The joint moments were calculated using two different methods: standard inverse dynamics and a massless, quasistatic analysis. In the first method, the inertial parameters (mass and mass moment of inertia) of each limb segment were approximated using regression equations determined for a set of Dutch Warmblood horses [14] . For the second method, both the gravitational mass and inertial parameters of each segment were set equal to zero.
Forelimb model
A two-dimensional model of the distal forelimb was developed, based upon the model described by Meershoek et al. [15] . Brown et al. [16] performed tendon excursion measurements to find the moment arms of several muscles in the equine distal forelimb about the carpus and fetlock joints. The moment arm values measured by Brown et al. [16] were substantially different from those of the model described by Meershoek et al. [15] , and because of this discrepancy, the model was modified so that its moment arms matched those reported by Brown et al. [16] Figure 1 illustrates the modified forelimb model, while Table 1 describes the complete model geometry. A comparison of the moment arms of the superficial digital flexor tendon(SDFT) and DDFT at the fetlock joint, as reported by both Meershoek et al. [15] and Brown et al. [16] , yielded a scaling factor of 0.68. All pulley radii in the Meershoek et al. [15] model were scaled by this value.
Uniform scaling of pulley radii did not yield a good match at the fetlock for the variation in moment arm with joint angle as reported by Brown et al. [16] . In order to more correctly simulate this variation, the pulleys of the SDFT and DDFT were replaced by a single via point for each tendon, whose location represented a point of wrapping around the proximal sesamoid bones. The paired proximal sesamoid bones are connected to the first phalanx by their straight, oblique, and short distal ligaments [17] . These relatively short, strong ligaments are unlikely to experience considerable length changes during locomotion [10] , and hence the wrapping locations of the tendons around the fetlock joint were approximated as fixed relative to the pastern. The locations of the via points were chosen to correspond to the approximate anatomical locations of the sesamoid bones, and were then fine-tuned to produce moment arms which closely matched those reported by Brown et al. [16] . The comparison between model moment arms and the values published by Brown et al. [16] is shown in Figure 2 .
Tendon tension and joint reaction force calculations
The forelimb model was used to calculate the tensions in the SDFT, DDFT, and IL, as well as the reaction forces at the coffin and fetlock joints. Following the method described by Meershoek et al. [15] , the strain in the IL was first calculated assuming that the rest length of this ligament was its length at the start of the stance phase [15] . The tension in the IL was calculated using an experimentally-derived force-length relationship [15] . The tension of the DDFT was then calculated by balancing the joint moment at the coffin joint with the moment generated by this tendon. A similar calculation was performed at the fetlock joint, to calculate the tension in the SDFT, after subtracting the moments exerted about this joint by both the IL and the DDFT. Finally, joint reaction forces were calculated at the coffin and fetlock joints by enforcing static equilibrium of all forces acting on the segments shown in Figure 3 . The DDFT wrapped around the distal sesamoid (navicular) bone, causing it to be compressed against the distal palmar articular surface of the second phalanx [4] . In a similar way, the SDFT, DDFT, and IL wrapped around the proximal sesamoid bones, causing them to be compressed against the palmar surface of the distal metacarpal condyles. These wrapping forces were considered as part of the calculation of joint reaction forces.
The duration of the stance phase of each trial varied slightly. Consequently, after all quantities had been calculated, the stance phase duration was normalized to a [16] . Moment arms for the forelimb model were calculated using a simulated tendon excursion method.
percentage scale, with 0% representing the first hoof-ground contact and 100% representing the last hoof-ground contact. The time sample of each trial was scaled linearly to fit this range. Following this, the results were scaled by body mass, by dividing them by the mass of each horse expressed in kilograms. The results were then averaged over all trials to obtain estimates of the mean and standard deviation of each quantity. Due to the small number of trials available, all trials 4 Journal of Biomedicine and Biotechnology Figure 3 : Forces considered when calculating the joint reaction forces at the fetlock and coffin joints. The forces were the ground reaction force, the force exerted by the distal phalanx on the middle phalanx (F dipj ), the force exerted by the navicular bone on the middle phalanx (F nav ), the DDFT force (F ddf ), the SDFT force (F sdf ), the IL force (F il ), the force exerted by the proximal phalanx on the distal metacarpus (F mcpj ), and the force exerted by the proximal sesamoid bones on the distal metacarpus (F pses ).
were weighted equally in this calculation, despite the fact that some horses performed more trials than others.
RESULTS AND DISCUSSION
The model presented in this paper had several important limitations. The two-dimensional nature of the model limited it to considering only those force components which could be projected onto the sagittal plane. This approximation may affect all of the calculated quantities, especially where forces are oriented so as to be partially oblique to a parasagittal plane. Additionally, frontal asymmetry of the limb, both in its loading and anatomy, may influence the internal loads significantly. The importance of frontal plane asymmetry is suggested by many clinical phenomena; for example, the greater reported occurrence of proximal sesamoid bone fracture in the medial bone compared with the lateral one in racing Thoroughbreds [18] . The model presented in this paper presumed perfect frontal symmetry, and hence would be unable to predict the effects of different loading or anatomy of the medial and lateral sides of the limb.
Only the major anatomical structures of the distal limb were modeled. In reality, the proximal sesamoid bones are not fixed relative to the pastern, and additional structures such as the distal sesamoidean ligaments, the collateral ligaments of the joints, and the extensor branches of the suspensory (interosseous) ligament are all likely to exert loads on the bones, which would change the estimates of joint loading obtained in this study. The decision to include only the major structures of the limb was motivated both by a desire for simplicity in the model and a lack of data regarding the morphology and mechanical properties of the remaining structures. The justification for this decision lies mainly in precedent, for example, [15] , and the anatomical observation that the structures that were included in the model were physically much larger than those which were neglected.
The exact zero strain (rest) length of IL of the model was unknown, and so it was approximated as the length of the IL during early stance, following the method described by Meershoek and Lanovaz [19] . It was observed that in the model, the IL behaved as a nonlinear angular spring, where the moment it exerted about the fetlock was dependent only upon the fetlock angle. Hence, variations in the rest length of IL would affect the relative sharing of the moment at the fetlock joint between the IL and SDFT. It would be beneficial for a future study to investigate directly the relationship between the IL moment about the fetlock and the fetlock joint angle, rather than inferring the moment about this joint from angle-strain and strain-force relationships.
The model simulated the moment arms of the SDFT and DDFT at the fetlock that were reported by Brown et al. [16] . These moment arms were measured by the tendon excursion method, and were substantially different from those reported previously in the literature [9, 15, 20] . The reason for the discrepancy in moment arm values is not known, but may arise from different measurement methodologies or different breeds of horse being used. Further investigation would be beneficial to the development of mechanical models of the equine forelimb in the future. Variation in the SDFT and DDFT moment arms at the fetlock could affect the calculated tension in the SDFT. Figure 4 shows the joint moments calculated at the coffin, fetlock, carpus, and elbow joints for walking and trotting. The calculated joint moments were comparable with those reported previously in the literature [21, 22] . These two previous studies [21, 22] used Dutch Warmblood horses, whereas the current study used Quarter Horses. The difference in horse breeds may account for small differences in the joint moments.
In Figure 4 , it is evident that the massless, quasistatic calculation of joint moments produced results very similar to the full inverse dynamics calculation for all joints. To the best knowledge of the authors, the direct comparison of these two techniques for calculating joint moments in the equine distal forelimb has never been reported, despite the reliance on quasistatic solutions for several previous distal forelimb studies, for example, [23] . The relative importance of the inertial and mass-related components of the moments increased for the more proximal joints of the limb, where greater masses and greater accelerations were involved. The Figure 5 : Mean tendon tensions in the DDFT, SDFT, and IL for walking and trotting during the stance phase of the stride. The stance phase of the stride was the time during which the vertical component of the ground reaction force was greater than 50 N. 0% of stride was the time of first hoof-ground contact, while 100% of stride was the time of last hoof-ground contact.
insensitivity of the results to inertial factors during the stance phase contrasted with the reported importance of these factors during the swing phase [24] . This contrast may readily be understood as a result of the ground reaction force, which dominated the joint moment calculations during the stance phase, yet is absent by definition during the swing phase. In the present model, each forelimb distal to the carpus accounted for only 0.6% of body mass [14] , and this region of the limb experienced little acceleration during stance. Hence it was unlikely that any inertial or mass-related effects from this region of the limb would have a significant effect on calculated joint moments or other aspects of limb dynamics.
The mean tensions in the DDFT, SDFT, and IL are shown in Figure 5 for walking and trotting. The tendon tensions during walking were similar to those calculated by Jansen et al. [25] , from in vivo tendon strain measurements. The tensions during trotting were somewhat different from those previously reported by Meershoek and Lanovaz [19] , but the differences may be accounted for by the substantially different moment arms of the tendons at the fetlock in the two studies. In the present study, the tendon moment arms at the fetlock were configured to simulate values determined experimentally using the tendon excursion method [16] , while those used by Meershoek and Lanovaz [19] were obtained using a geometric method [15] . The rest length of IL was also unknown in the present study, and so it was approximated using the method described by Meershoek and Lanovaz [19] . Variations in the IL rest length would cause changes in the IL and SDFT tensions.
Magnitudes of the components of the joint reaction forces are shown in Figure 6 for walking and trotting. Shown are the force exerted by the distal phalanx on the middle phalanx, the force exerted by the navicular bone on the middle phalanx, the force exerted by the proximal phalanx on the distal metacarpus, and the force exerted by the paired proximal sesamoid bones on the distal metacarpus.
In a previous report of joint reaction forces in the equine distal forelimb, Biewener et al. [9] noted that forces may be generated from tendon wrapping, but these authors did not calculate those forces and ignored them in their subsequent analysis of bone strains. Thomason [10] estimated the magnitude of the wrapping force at the proximal sesamoid bones from assumptions derived from studies of the architecture of the distal third metacarpal bone, but he did not perform any calculations based upon a dynamic model of the limb. Several previous studies [3, 4, [6] [7] [8] calculated the wrapping force of the DDFT about the distal sesamoid bone, and a link has been postulated between this force and navicular disease. However, to the best knowledge of the authors, the remaining joint reaction results represent novel data which have not previously been reported.
The calculated force exerted by the navicular bone on the middle phalanx was similar to that reported previously [3, 4, [6] [7] [8] . In particular, this force exhibited a peak in late stance, which was related to the change in the point of application (point of zero moment) of the ground reaction force [4] . It was observed that as the hoof neared breakover (the point in the stride at which the heels of the hoof depart from the ground and the hoof "break over" the toe), the point of application of the ground reaction force moved from a location within the body of the hoof to a point at the toe, which increased the moment arm of this force about the coffin joint. During late stance, this increase in moment arm was adequate to raise the value of the coffin joint moment (Figure 4 , Coffin), DDFT tension ( Figure 5, DDFT) , and the force applied by the navicular bone ( Figure 6 , Navicular Bone) despite a decrease in the magnitude of the ground reaction force in late stance relative to midstance (observed in the ground reaction force data, but not shown here). The increase in DDFT tension in late stance did not produce such an obvious peak in the reaction force between the distal and middle phalanges ( Figure 6 , Distal Phalanx) although a bimodal pattern was evident in this component during walking ( Figure 6 , Distal Phalanx, Walk).
The central hypothesis of this paper-that the forces induced by wrapping of tendons around the sesamoid bones are important components of the net joint reaction forces of the distal forelimb-is well illustrated in Figure 6 . In the top two rows of Figure 6 , the magnitude of the distal phalanx force and that of the navicular bone are both comparable, as are the magnitudes of the proximal phalanx and proximal sesamoid bone forces shown in the bottom two rows. Hence, the magnitudes of forces exerted by the sesamoid bones of the joints were comparable to those exerted between the long bones themselves. Neglect of either of the two forces from the sesamoid bones would cause a substantial change in the calculated net joint reaction force.
Knowledge of the reaction forces at the joints is potentially important for future biomechanical studies into areas such as the behavior of joint cartilage, subchondral bone loading, and bone remodeling. Future studies are expected to involve three-dimensional finite-element modeling of the mechanical interactions at the joints. The model presented in this paper, and its calculated joint reaction forces, could be used as a reference point for the predictions of more sophisticated models.
CONCLUSIONS
Joint reaction forces in the equine distal forelimb were calculated using a two-dimensional mathematical model. Components of these forces that were generated by wrapping of tendons about the sesamoid bones in the limb were found to be of similar magnitude to those generated between the long bones of each limb segment. These wrapping forces serve to illustrate the importance of the sesamoid bones in the mechanical function of the forelimb, and also provide insight into the possible mechanical cause of numerous injuries related to loading of the joints.
